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PHASE RELATIONSHIPS IN THE SYSTEM 
URANIUM OXIDE-LANTHANUM OXIDE 

by 

D. C. Hill, J. H. Handwerk, 
and R. J. Beals 

ABSTRACT 

Urania-lanthana compositions were studied by X-ray 
diffraction, chemical analysis, and polished-section tech
niques to determine cubic fluorite solubility, lattice pa
ramete r values, stoichiometry, and micros t ruc ture . An 
appreciable variation in fluorite lattice parameter with com
position existed for vacuum, hydrogen, and oxidizing heat 
t r ea tments . The volatility behavior of urania-lanthana solid 
solutions was investigated by heating for extended time in
te rva ls in an oxidizing atmosphere. 

INTRODUCTION 

Interest in uranium oxide as a nuclear fuel is increasing because of 
the high melting point and irradiation performance. Uranium dioxide, how
ever, is susceptible to oxidation, and exposure at moderate t empera tu res 
to slightly oxidizing atmLOspheres resul ts in the eventual formation of U3O8. 
This oxidation causes a s t ructural change, accompanied by a large volume 
expansion, from cubic fluorite UO2 to orthorhombic U3O8 (UO2.67). Slightly 
oxidized or nonstoichiometric UO2+X also exhibits an appreciable vapor 
p r e s su re at t empera tu res in excess of 1200°C^ ' and has shown inferior 
fission product retention and irradiation stability^ ' when compared with 
stoichiometric UO2. 

Urania-containing binary oxide systems in which extensive solid 
solutions a re formed may re ta rd or inhibit this oxidation. While the addi
tion of a nonfissionable mate r ia l would considerably dilute the fuel concen
trat ion, it would be justified if enhancement of certain fuel proper t ies were 
real ized. The work of Anderson et JLI.,' ' and of Hund and PeetzV*) has in
dicated that the oxidation stability of urania may be improved by the addi
tion of various metal oxides. A number of elements whose oxides have 
been repor ted to form fluorite solid solutions with UO2 and UO2.67 are 
l isted in Table I. 



Table I 

SEVERAL BINARY OXIDE SYSTEMS O F URANIUM 
EXHIBITING SOLID SOLUBILITY* 

Valency 
Group 

II 

III 

IV 

E lemen t 

Mg 
Ca 

Sc 
Y 
La 
Nd 

Z r 
Th 
Pu 
Ce 

Ionic 
Radius (A) 

0.65 
0.94 

0.68 
0.88 
1.04 
0.99 

0.77 
0.99 
0.90 
0.92 

R e p o r t e d So lub i l i ty 
L i m i t s of A d d i t i v e , m / o 

R e d u c e d 
UO2 

None 
0-47 

None 
0 -78 
0-52 
0 -78 

0-40 , 0-15 
0-100 
0-100 
0-100 

O x i d i z e d 

UO2+X 

ND 
ND 

ND 
30-65 
33-70 
2 9 - 6 6 

ND 
30-100 

ND? 
4 0 - 1 0 0 

*Ionic r a d i i f rom Z a c h a r i a s e n [W. H. Z a c h a r i a s e n , " C r y s t a l C h e m i s 
t r y of the 5f E l e m e n t s , " Chap te r 18, pp . 769-96 in The Ac t in ide 
E l e m e n t s , Nat ional Nuc lea r E n e r g y S e r . , Div. IV P l u t o n i u m P r o j e c t 
R e c o r d , Vol. 14a (G. T. Seaborg , J . J . Katz , and Manning) M c G r a w -
Hil l Book Co. , Inc.^, New York , (1954)]. U r a n i u m ionic r a d i i : U*"*", 
0.93 A; U''*", 0.83 A. ND, f luor i te solubi l i ty known; l i m i t s , h o w e v e r , 
not d e t e r m i n e d . 

The v a r i o u s inves t iga t ions of the b i n a r y oxide s y s t e m s c o n t a i n i n g 
u r a n i u m oxide fall into two g e n e r a l e x p e r i m e n t a l c a t e g o r i e s : (1) w o r k on 
ox id ized sol id so lu t ions p r e p a r e d by r e a c t i n g cod iges t ed n i t r a t e s^^^ o r 
m i x e d oxides(5 .6) in a i r at e l eva ted t e m p e r a t u r e s , and (2) w o r k on r e d u c e d 
sol id so lu t ions p r e p a r e d by r e a c t i n g the oxide addi t ive with UO2 u n d e r con 
t r o l l e d a t m o s p h e r i c condi t ions . (6-8) These m v e s t i g a t i o n s have shown 
that s e v e r a l b i n a r y s y s t e m s have f luor i te s t r u c t u r e s which a r e s t a b l e in 
both the " r e d u c e d " and "oxidized" s t a t e s . 

m a d e . 
F r o m the in fo rma t ion ava i l ab le , s e v e r a l g e n e r a l i z a t i o n s c a n b e 
The oxides of t r i v a l e n t ajid t e t r ava le l^i^t e l e m e n t s hav ing f l u o r i t e o r 

r e l a t e d types of s t r u c t u r e s fo rm ex tens ive r eg ions of so l id s o l u t i o n wi th 
the u r a n i u m o x i d e s . The oxides of the h e a v i e r d iva lent e l e m e n t s a l s o 
f o r m sol id so lu t ions with u r a n i u m oxide, but to a l e s s e r ex t en t t h a n the 
t r i v a l e n t e l e m e n t s . Solid solu t ions with the d iva lent e l e m e n t s a r e u s u a l l y 



formed only under carefully controlled conditions. The fluorite-type 
solid solutions formed with uranium oxide appear to have intact cation 
subst ructures whether they are in the reduced or oxidized s tate . This 
variation in stoichiometry seems to be accommodated by anion vacancies 
or inters t i t ia ls within the fluorite cell. 

The oxides of tetravalent elements appear to form solid solu
tions with UO2 with an oxygen-to-metal atom ratio of 2. The oxidation 
of these stoichiometric solid solutions or the reaction of the tetravalent 
oxide with U3O5 would resul t in oxygen-excess fluorite s t ruc tu res . An 
analogous situation for the reaction of trivalent metal oxides with UO2 
under controlled atmospheric conditions would result in oxygen-deficient 
fluorite s t ruc tu res . Subsequent oxidation of these reduced compositions 
may or may not resul t in oxygen-excess compositions. The stoichiometry 
in this case would depend on the trivalent oxide concentration and the oxi
dation state of the uranium constituent. 

Hund and Peetzt"*) investigated U203-La203 compositions which 
were prepared by air ignition at 1200°C of codigested La"*"̂  and U"*"'ni
t r a t e s . Solubility l imits of 33 to 70 m / o La203 in uranium oxide were r e 
ported for these oxidized compositions. A transformation of the normally 
hexagonal A-type s t ructure of La203 to the cubic C-type r a r e earth s t ruc 
ture caused by the formation of the urania solid solution was also ob
served. WilsonV') prepared U02-La203 solid solutions by sintering 
mixtures of UO2 and La203 in vacuo at 1750°C. Fluori te- type solid solu
tions were reported to exist up to approximately 52 m/o La203. Subsequent 
oxidation at elevated tempera tures of these reduced solid solutions resul ted 
in a shrinkage of the unit cell to values close to those reported by Hund and 
Peetz.(4) Accurate analyses for oxygen concentrations in the urania-
lanthana compositions were not reported in these investigations. 

This investigation was concerned with the phase relationships of 
lanthana-urania compositions which were subjected to a variety of exper i 
mental environments. Lanthanum oxide was selected because its chenn-
ical and s t ructura l proper t ies are sinnilar to the other r a r e ear ths , yt t r ia 
and scandia. The general i t ies of this system may be useful in predicting 
or evaluating the behavior of other urania systems containing tr ivalent ox
ide additives. Lanthana may also be a suitable additive to urania for nu
clear fuels since: (1) it has one of the lowest neutron c ross sections (8.9b) 
among the r a r e ea r ths , (2) it has been shown to form an extensive se r ies 
of solid solutions with the uranium oxides, and (3) it is one of the more 
abundant r a r e ea r ths . 



SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE 

The materials used in this investigation were U3O8 and La203. 
These materials were calcined at 800°C for 5 hr , removed from the fur
nace, and allowed to cool to room temperature . Mixtures containing from 
20 to 93 m/o LajOj were weighed immediately after cooling. The mix
tures were blended by dry milling in rubber-lined mil ls for 3 hr , and 
were then placed in platinum crucibles and air calcined at 1650°C for 2hr . 
Sinterable powders were produced from the calcined compositions by dry 
grinding in rubber-lined mills for 16 hr. After grinding, the powdered 
compositions were calcined in air at 700°C for 16 hr to eliminate moisture 
and rubber contamination. 

Powders of each composition were compacted isostat ically without 
binder at 3,500 kg/cm^ Compacts of each composition were placed in 
platinum boats and sintered in a gas-fired furnace in an oxidizing environ
ment at 1675°C for 4 hr. Other compacts of each composition were sin
tered in a hydrogen atmosphere at 1600°C for 4 hr and at 1750°C for 21 hr. 
Three additional compositions: UO2, UO2-6 m/o La203, and UO2-
10 m/o La203, were also sintered in hydrogen at 1750°C for 21 hr . The 
experimental environnaents to which the lanthana-urania compositions were 
subjected in these phase studies are shown in Table II. 

Table II 

EXPERIMENTAL ENVIRONMENTS USED FOR PHASE STUDIES 
IN THE SYSTEM LANTHANA-URANIA 

E x p e r i m e 

A t m o s p h e r e 

Oxidizing 

Hydrogen 

Oxygen 

Vacuum 

ntal E n v i r o n m e n t 

T e m p 
(°C) 

1650 
1675 

1750 
1600 

1000 

9 0 0 

T i m e 
(hr) 

2 

4 

21 

4 

50 

2 1 0 

Type S a m p l e U s e d 

C a l c i n e d P o w d e r s 
S i n t e r e d C o m p a c t 

S i n t e r e d C o m p a c t 
S i n t e r e d C o m p a c t 

P o w d e r 

P o w d e r 

*Mallinckrodt UjOg. 
**Lindsay Chemical Division Code 529 L a , 0 , 



Following sintering, some of the compacts were crushed, and the 
calcined powders were oxidized by exposure at 1000°C for 50 hr to tank 
oxygen flowing at a ra te of about 0.5 l i t e r /min . Weights of the powders 
were determined before and after exposure to a s sess stoichiometry 
changes in the powders. 

Other portions of calcined powders were vacuum sealed in Vycor 
capsules in which clean uranium chips had been placed to remove evolved 
oxygen. The sealed capsules were heated at 900°C for 210 hr . When cool, 
the powders were isolated from the uranium chips by sealing off capi l lar ies 
between the samples and the uranium chips. Care was taken not to expose 
the vacuum-sealed samples to air following the 900°C heat t reatment . The 
uranium constituent in these samples would be reduced essentially to the 
tetravalent s tate . 

Compacts of lanthana-urania solid solutions which had been sintered 
at 1675°C for 4 hr in air were subjected to an additional oxidation at high 
tempera tures in order to study the volatility behavior of urania. The metal 
atom content and stoichiometry of the lanthana-urania compacts were de
termined pr ior to heating in a gas-fired furnace at 1675°C for 25, 136, and 
310 hr . Combustion gases , slightly rich in oxygen, were passed over the 
specimens during the heat t reatment . The compositions of the specimens in
vestigated ranged from 20 to 80 m / o La203. Stoichiometries of the composi
tions were determined after sintering. Weight, density, and micros t ruc tura l 
changes were used as indications of urania loss by vaporization. 

Debye-Scherrer patterns of powdered specimens were obtained with 
copper-Kfx radiation in a 114.59-mm-diameter camera . Cell dimensions of 
cubic fluorite solid solutions were determined using the leas t - squares ana
lytical extrapolation method described by Mueller et al.(9) 

Polished sections were prepared from sintered specimens by mount
ing them in Koldmount.* Initial rough grinding was done by grinding with 
silicon c arbide paper. Polishing was done by using, successively, b-^i, i-ji, 
and l-y. diamond dust. To expose grain boundaries, most of the polished 
specimens were etched with boiling concentrated phosphoric acid. Speci
mens which contained free lanthanum oxide were severely attacked by the 
etch, and these compositions were etched with a solution of 10:1 H202:H2S04. 

Chemical analyses were made to determine the U+*, total uranium, 
and lanthanum contents of selected compositions as affected by environment 
(oxygen, hydrogen, vacuum, and furnace atmosphere) . Stoichiometries of 
these specimens were determined by calculating the oxidation states of the 
uranium constituent from the U"*"* and total uranium analyses, and by a s 
suming that the lanthanum ion was in the trivalent state. 

*Vernon-Benshoff Company, Pittsburgh, Pennsylvania. 
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RESULTS AND DISCUSSION 

Extens ive f luor i te - type sol id so lu t ion o v e r a c o n s i d e r a b l e p o r t i o n 
of the s y s t e m u r a n i a - l a n t h a n a was ind ica ted by X - r a y a n a l y s i s . A t m o s 
phe r i c condit ions under which the m a t e r i a l s w e r e s i n t e r e d af fec ted the 
l i m i t s of solid solubil i ty. 

The b a s e compos i t ions used in th is i nves t i ga t ion a r e g iven in 
Table III. These compos i t ions were s i n t e r e d at 1650°C in a i r for 2 h r . 
T h e s e data a r e useful in compar ing a t m o s p h e r i c effects upon s t o i c h i o m e t r y 
and la t t ice p a r a m e t e r s . F i g u r e 1 and Table IV show the v a r i a t i o n in the 
cubic f luor i t e - type la t t ice p a r a m e t e r with c o m p o s i t i o n for the v a c u u m , 
hydrogen , and oxidizing heat t r e a t m e n t s . Solubi l i ty l i m i t s for the s i n g l e -
phase solid so lu t ions , as in fe r red from X - r a y da ta , a r e shown in F i g u r e 2. 

BASE COMPOSITIONS OF URANIA-LANTHANA SOLID SOLUTIONS 
SINTERED AT 1650°C IN AIR FOR Z HOURS 

Specimen 
N o , 

7U93La 
13U87La 
20U80La 
25U75La 
30U70La 
35U65La 
40U60La 
45U55La 
50U50La 
55U45La 
60U40La 
65U35La 
70U30La 
80U20La 
90UI0La 
95U 5La 

*H,r / l , , ^no« 

Analyzed Composit ion 

Per Cent 
U 

10,24 
17.42 
25.86 
31.82 
35,90 
41,03 
45,33 
50,43 
53,92 
57.93 
61.00 
64,75 
67,76 
74,50 
82,51 
84.72 

1 • 

P e r Cent 
L a 

74.8 
67.4 
58,7 
52.8 
48,5 
43.4 
39.3 
34.4 
30,7 
26,9 
24,0 
20,4 
17,7 
11,1 

6 ,3 
3 ,2 

o 

O/U Ratio 

2,98 
2,99 
3,00 
2,95 
3,00 
2,93 
2,81 
2.74 
2.77 
2,70 
2,65 
2,60 
2,54 
2.48 
N D 

2,02 

Molecular Compos i t ion 
(UaLai .a )Og 

a 

0,074 
0.I3I 
0.204 
0.260 
0.302 
0.356 
0.402 
0,461 
0.506 
0.557 
0,597 
0,649 
0,691 
0,796 
0,891 
0,939 

I - a 

0,926 
0.869 
0.796 
0.740 
0.698 
0.644 
0.598 
0,539 
0,494 
0,443 
0.403 
0,351 
0,309 
0.204 
0,099 
0,061 

/3 

1,61 
1.70 
1.81 
1.88 
1.95 
2,01 
2.03 
2.07 
2.14 
2.17 
2.19 
2,22 
2.22 
2.29 

* 
1,99* 

*Hydrogen calcinat ion at 1750°C for 21 hr {\S0^.\.^^0,, compac ts u • e d ) . 

5 4 0 
0 

X 

U 
o 

-

^ 

-

VAOJUM-URAMIUM CHIP AT SOO'C FOR 

HYDROGEN SINTERING AT I750°C FOR 
£10 HOURS 

21 HOURS 

COMBUSTION CALCINATION AT leSO'C FOR 2 HOURS / 

'^"'"^^ r>J^o 

g^-r::5_>'^ 

1 1 1 1 

y"*^/ i-

1 

Figure 1. 

Lattice Parameters for Urania-
Lanthana Solid Solutions 



X - R A Y D A T A AND C H E M I C A L A N A L Y S E S 

H e a t 
T r e a t m e n t 

C o m b u s t i o n 
a t m o s p h e r e a t 
1650°C for 2 h r 

H y d r o g e n 
a t m o s p h e r e a t 
1750°C for 21 h r 

V a c u u m - U r a n i u m 

c h i p a n n e a l at 
900°C for 210 h r 

O x y g e n 
a t m o s p h e r e a t 
1000°C for 50 h r 

M e t a l 
A t o m C o m p o s i t i o n 

a / o L a 

92 ,6 

86 ,9 
79 ,6 
74.0 
6 9 . 8 
64 .4 
59 ,8 
53,9 
49 .4 
4 4 , 3 
4 0 , 3 
35,1 

30,9 
20 ,4 

9 2 . 5 

86 .9 
80,0 
74,9 
69,9 
66,1 
60.0 
54,2 
50 ,2 
45 ,4 
40 ,0 

34,9 
2 9 . 8 
19,6 
10,0 

6,1 
0,0 

79 ,6 
6 9 , 8 
64 ,4 
5 9 . 8 

53.9 
4 9 , 4 
44 ,3 
40 ,3 
35,1 

30,9 
20 ,4 

79 ,6 
6 9 , 8 
59 ,8 
49 ,4 
40 ,3 
30,9 
20 ,4 

a / o U 

7,4 
13,1 
20 ,4 
26 ,0 
30,2 
35,6 
40 ,2 
46 .1 
50 .6 
55 ,7 
59,7 
64,9 
69 ,1 
79 ,6 

7.5 
13,0 
20 ,0 
25,1 
30,1 

33,9 
40 ,0 
4 5 , 8 
4 9 , 8 
54 ,6 
60.0 
65 .1 
70 .2 
80 ,4 
90 ,0 

93.9 
100,0 

20 ,4 
30,2 
35,6 
40 ,2 
46 ,1 
50 .6 
55 .7 
59 .7 
64.9 
69 .1 
79,6 

20 .4 
30,2 
40 ,2 
50 ,6 
59 .7 
69.1 
79.6 

C a l c u l a t e d 
O x y g e n - t o -
M e t a l R a t i o 

1,61 
1,70 
1.81 
1,88 
1,95 
2 ,01 
2 ,03 
2.07 
2 .14 
2,17 

2.19 
2 .22 
2 .22 

2.29 

ND 
ND 
ND 

1,74 
1,81 
1,87 
ND 

1,94 
1,95 
1.97 

ND 

1.99 
1.99 
2.00 

ND 
1.99 
2 .003 

1,71 
ND 

1,77 

1,79 
ND 

1,83 
1,85 

ND 
ND 

1.92 
ND 

1,81 
1,95 
2 ,03 
2,14 
2,17 
2,22 
2 ,62 

C u b i c F l u o r i t e 
L a t t i c e P a r a r r i e t e r , 

A 

5,6480 
5 ,6440 
5 ,6410 
5 ,6077 
5 ,5834 
5 ,5562 
5 ,5396 
5 ,5176 
5 ,5194 
5 ,5007 
5 ,4953 
5 ,4810 
5 ,4753 
5 ,4732 

5 ,6400 
5 ,6400 
5 ,6430 
5 ,6334 
5 ,6136 
5 ,5984 

5 ,5879 
ND 

5 .5398 
5 .5218 
5 .5167 
5 ,5055 
5 ,4963 
5 ,4858 
5 ,4767 
5 ,4738 
5 ,4697 

5 .6420 
5 .6410 
5 ,6204 
5 ,5983 
5 ,5808 
5 ,5784 

5 ,5699 
5 ,5572 
5 .5408 

ND 
5,5170 

5 ,6410 

5 ,5840 
5 ,5380 
5 ,5190 
5 ,4950 
5 ,4750 

-

X - r a y 
P h a s e s 
P r e s e n t 

La(OH)3+C 
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Figure 2. Cubic Fluorite Solubility Limits for Urania-Lanthana Compositions 

L a t t i c e - p a r a m e t e r m e a s u r e m e n t s of sol id so lu t ions s u b j e c t e d to the 
1650°C oxidizing t r e a t m e n t w e r e in c lose a g r e e m e n t with the da ta of Hund 
and Pee tz . (4 ) The p a r a m e t e r s for s ing le -phase sol id so lu t ions i n c r e a s e d 
with i n c r e a s i n g lan thana content f rom 5.4732 A for 20.4 m / o La^Oj to 
5.6410 A for 79.6 m / o LajOj . In the compos i t iona l r a n g e above 
87 m / o La203, c h a r a c t e r i s t i c X - r a y l ines c o r r e s p o n d i n g to La(OH)3 w e r e 
evident , as would be expec ted even in n o r m a l humid i ty . The d i f f rac t ion 
p a t t e r n s obtained from compac t s s i n t e r e d unde r oxid iz ing cond i t ions at 
1650°C in a g a s - f i r e d furnace and t hose subsequen t ly s i n t e r e d in oxygen at 
1000°C for 50 hr w e r e quite s i m i l a r . The m i n o r d i f f e rences no ted w e r e 
probably indicat ive of sl ight v a r i a t i o n s in oxygen content af ter hea t t r e a t 
men t . In the 20 m / o La203 compos i t ion which was sub jec ted to the 
1000°C oxidizing a t m o s p h e r e , no f luor i te l ines w e r e ev ident on the d i f f rac 
tion pa t t e rn , but c h a r a c t e r i s t i c l ines of o r t h o r h o m b i c U30g w e r e o b s e r v e d . 

La t t i ce p a r a m e t e r s for the u r a n i a - l a n t h a n a sol id so lu t i ons r e s i n -
t e r e d in hydrogen and in vacuum w e r e l a r g e r than for t hose s i n t e r e d u n d e r 
oxidizing condi t ions , as may be seen in F i g u r e 1 and T a b l e IV. P a r a m 
e t e r s of the s ing le -phase solid solut ions sub jec ted to h y d r o g e n s i n t e r i n g at 
1750°C for 21 hr i n c r e a s e d f rom 5.4738 A for 61 m / o La203 to 5.6430 Afo r 
80.0 m / o La^Oj. L a r g e r p a r a m e t e r s for the sol id so lu t ions r e s i n t e r e d in 
vacuum at 900°C for 210 hr w e r e evident . P a r a m e t e r s v a r i e d f r o m 
5.5170 A for 20.4 m / o La203 to 5.6420 Afor 79.6 m / o La^Oj . S i m i l a r ce l l 
expans ions w e r e noted in other s y s t e m s conta ining u r an i a ( lO) when o x i 
dized compos i t ions were r educed by hydrogen hea t t r e a t m e n t s . A d e c r e a s e 
in solubil i ty l imi t s at h igher lanthana conten ts was ev iden t whi le the f luo
r i t e phase field i n c r e a s e d for the high u r a n i a c o m p o s i t i o n s u n d e r the r e 
ducing env i ronmen t s . 



The fluorite-type solubility l imits determined by polished-section 
examination of specimens subjected to oxidizing and hydrogen sintering 
t rea tments corroborate the l imits inferred from X-ray diffraction data. 
Two-phase mic ros t ruc tu res appeared between 75 and 80 m / o LajOj and be
tween 80 and 87 m / o LajOj for the 1600°C hydrogen and 1675°C oxidizing 
t rea tments , respect ively. Photomicrographs showing the mic ros t ruc tu res 
of three high-lanthana compositions sintered at 1675°C for 4 hr in an 
oxygen-rich combustion atmosphere are shown in Figure 3. Photomicro
graphs of the same compositions sintered in hydrogen at 1600°C for 4 hr 
a re shown in Figure 4. Compositions containing 30 to 80 m / o La203 had 
single-phase mic ros t ruc tu res when sintered at 1675°C in oxidizing environ
ments . The etched 20 m / o La^Oj specimen exhibited a mic ros t ruc tu re 
quite different from the 30 m / o LazOs specimen, as is shown in Figure 5. 
Schanervll) observed a s imilar behavior for high oxygen-to-uranium atom 
ratio compositions in the system UO2-U4O,. X-ray diffraction showed two 
fluorite-type pat terns for the 20 m / o La203 specimen, indicating that the 
observed mic ros t ruc tu re was an intimate mixture of MO24.X ^^^ M4O9 type 
phase. 

The preparat ion of fully reduced specimens for polished-section 
examination was precluded because the vacuum-sintered specimens r e 
acted with water and some powdered compositions were pyrophoric in a i r . 

The oxygen-to-metal atom rat ios , as deduced from chemical anal
yses , for the urania-lanthana solid solutions subjected to oxidizing, hydro
gen, and vacuum environments are shown in Table IV and Figure 6. In 
samples subjected to an oxidizing atmosphere at 1650°C for 2 hr , an 
oxygen-to-metal atom ratio greater than 2.00 existed in the range from 
20 to 65 m / o LajOs. The ratio for compositions greater than 65 m / o LajOs 
was less than the stoichiometric value 2.00 and decreased l inearly with 
increasing lanthana content to a value of 1.50 for pure La203. An interest ing 
aspect of these oxygen-deficient compositions is that their uranium con
tents have been fully oxidized to the U state. 

Oxygen-to-metal atom ratios of powdered mater ia l subjected to an 
a tmosphere of oxygen at 1000°C for 50 hr were calculated from weight 
change data. With the exception of the 20 m / o La203 composition, there 
were no measurable changes fronn the base powders. A weight increase 
of 2.17% (based on the urania content) for this composition corresponds to 
an increase in the oxygen-to-metal atom ratio from 2.28 to 2.62. The t r a n s 
formation of the urania to a U3O8 s t ructure , as shown by X-ray diffraction 
(see Table IV), is evident. In this table the cubic fluorite phase is indicated 
by C. 
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Figure 3. Differences in Microstructure for High-lanthana Compositions Sintered at 1675°C for 4 Hours in Combusuon Furnace 
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Figure 4. Differences in Microsuucture for High-lanthana Compositions Sintered in Hydrogen at 1600°C for 4 Hours 
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Figure 6. Calculated Oxygen-to-metal Atom Ratios 
for Urania-Lanthana Compositions 

In c o m p o s i t i o n s s i n t e r e d in a h y d r o g e n a t m o s p h e r e a t 1750°C for 
21 h r , the o x y g e n - t o - m e t a l a t o m r a t i o s w e r e l o w e r than t h o s e for the b a s e 
c o m p o s i t i o n s . S p e c i m e n s con ta in ing fronn 0 to 45 m / o La203 had o x y g e n - t o -
m e t a l r a t i o s c l o s e to the s t o i c h i o m e t r i c va lue 2.00. I n c r e a s i n g l a n t h a n a 
a d d i t i o n s b r o u g h t about a g r a d u a l r e d u c t i o n in the r a t i o to 1.74 for a 
75 m / o LajOs c o m p o s i t i o n . The h y d r o g e n s i n t e r i n g t r e a t m e n t a t 1750°C 
did not a p p e a r suff ic ient to r e d u c e the u r a n i u m cons t i t uen t to the U s t a t e . 

The o x y g e n - t o - m e t a l a t o m r a t i o s of the v a c u u m - t r e a t e d s a m p l e s 
(at 900°C for 210 h r ) w e r e be low t h o s e of the h y d r o g e n - s i n t e r e d c o m p o s i 
t i o n s . T h i s t r e a t m e n t was not suff ic ient ly s e v e r e to r e d u c e the u r a n i u m to 
the U"*"* s t a t e . E x p e r i m e n t a l d i f f icul t ies and oxida t ion p r o b l e m s w e r e e n 
c o u n t e r e d in a n a l y z i n g the s p e c i m e n s , m a k i n g an e s t i m a t i o n of d e g r e e of 
a c c u r a c y i m p o s s i b l e . E x t r a p o l a t i o n of l a t t i c e p a r a m e t e r s , h o w e v e r , i nd i 
c a t e d tha t the ox ida t ion s t a t e was lower than the r e p o r t e d r e s u l t s . 

X - r a y d i f f rac t ion da t a and c h e m i c a l a n a l y s e s i n d i c a t e d that usefu l 
i n f o r m a t i o n could be ob ta ined by inves t iga t ing the dependence of l a t t i c e 
p a r a m e t e r s on the s t o i c h i o m e t r y of a c o m p o s i t i o n of, i n i t i a l ly , c o n s t a n t 



m e t a l a tom content . A 50 m / o La203 c o m p o s i t i o n was h e a t e d in v a c u u m , 
in hydrogen , and in an oxidizing a t m o s p h e r e . The s t o i c h i o m e t r y of the c o m 
pos i t ion v a r i e d from 1.78 to 2.16, a s shown in Tab le V and in F i g u r e 7. 

Tab le V 

LATTICE PARAMETERS AND O X Y G E N - T O - M E T A L ( O / M ) RATIOS 
FOR Uo.5Lao.50i.75+x COMPOSITIONS 

T e m p 
(°C) 

900 

1900 
1750 

1450 
1675 
1650 
1000 

T i m e 
(hr) 

210 

6 
21 

155 
4 

2 

50 

R e m a r k s 

Vacuum in p r e s e n c e of u r a n i u m 
chips 
Vacuum a p p r o x i m a t e l y 10" mm 
Hydrogen 
Hydrogen; spec imen oxid ized 
dur ing 6 months of s t o r a g e 
S in te red compac t annea led in a i r 
S in te red compac t 
Calc ined powder 
Ca lc ined powder in 1 a tm oxygen 

L a t t i c e 
P a r a m e t e r 

(A) 

5.5784 

5.5664 
5.5398 

5.5305 
5.5179 
5.5187 
5.5194 
5.5200 

O/M 
Rat io 

1.78* 

1.83 
1.92* 

1.95 
2.06 
2.09 
2.14 
2.16 

*No c h e m i c a l ana lys i s de t e rmina t ion ; O / M ra t io i n f e r r e d f r o m l a t t i c e -
p a r a m e t e r m e a s u r e m e n t s . 

Figure 7 
Effect of Stoichiomeuy on the Lattice 
Parameter for a Û  L̂â , ^Oj ,g,^ Sol-
id Solution 

2 00 2,05 
OXYGEN-TO-METAL ATOM RATIO 
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The l a t t i c e p a r a m e t e r s of t h e s e t r e a t e d c o m p o s i t i o n s i n d i c a t e a 
d i m i n u t i o n of ce l l d i m e n s i o n wi th i n c r e a s i n g oxygen con ten t . The plot of 
t h e s e v a l u e s in F i g u r e 7 shows a def in i te b r e a k in the c u r v e n e a r s t o i c h i o 
m e t r i c MO2.0- The p a r a m e t e r s for s u b s t o i c h i o m e t r i c so l id so lu t ions d e 
c r e a s e d l i n e a r l y with i n c r e a s i n g o x y g e n - t o - m e t a l a t o m r a t i o at a s lope 
n e a r - 0 . 3 0 , whi le the v a r i a t i o n in r a t i o for the h y p e r s t o i c h i o m e t r i c c o m 
p o s i t i o n s was n e g l i g i b l e . The b r e a k at 2.00 s u g g e s t s tha t two d i f fe ren t 
m e c h a n i s m s g o v e r n the a c c o m m o d a t i o n of oxygen in the cub ic f l u o r i t e - t y p e 
s t r u c t u r e of t h e s e so l id s o l u t i o n s . 

Ox id i zed u r a n i a exh ib i t s an a p p r e c i a b l e vapo r p r e s s u r e u n d e r ox i 
d iz ing cond i t i ons a t t e m p e r a t u r e s in e x c e s s of 1200°C.'' ' To s tudy the 
s u p p r e s s i o n of t h i s v o l a t i l i z a t i o n by combin ing the u r a n i a in a so l id so lu 
t ion , c o m p a c t s of u r a n i a and l an thana w e r e s i n t e r e d at 1675°C for 4 h r in 

an oxid iz ing a t m o s p h e r e and w e r e 
s u b s e q u e n t l y hea t t r e a t e d in an 
o x y g e n - r i c h a t m o s p h e r e for 25, 136, 
or 310 h r . The o x y g e n - t o - m e t a l 
a t o m r a t i o s for the c o m p o s i t i o n s 
s i n t e r e d at 1675°C for 4 h r a r e g iven 
in F i g u r e 8. The m i c r o s t r u c t u r e s 
of the c o m p o s i t i o n s , which v a r i e d 
f rom 20 to 80 m / o La203, a r e shown 
in F i g u r e 9. e E.oo 

Figure 8. Oxygen-to-metal Atom Ratios for Urania-
Lanthana Compositions Sintered at 1675°C 
for 4 Hours in Air 

The effect of s i n t e r i n g t i m e 
upon the m i c r o s t r u c t u r e s of t h e s e 
s i n t e r e d c o m p a c t s is shown in F i g 
u r e s 10, 11, 12, 13, and 14. F i g 
u r e 10 shows the effect upon g r a i n 
g rowth and m i c r o s t r u c t u r e in a 
20 m / o UO2-8O m / o La203 c o m p o s i 
t ion . Dens i f i ca t ion and g r a i n g rowth 
c a n be no ted for 20 m / o UO2-

80 m / o La^Oj ( see F i g u r e 10); for 30 m / o UO2-7O m / o La jOj ( see F i g u r e 11); 
and for 40 m / o UO2-6O m / o LajOs ( see F i g u r e 12). Only s l ight m i c r o s t r u c 
t u r a l c h a n g e s w e r e no ted in the h i g h e r u r a n i a c o m p o s i t i o n s , a s shown in 
F i g u r e 13 for 60 m / o UO2-4O m / o La203 and p a r t i c u l a r l y in F i g u r e 14 for 
80 m / o UO2-2O m / o La203. 

T a b l e VI shows the c o m p o s i t i o n s s tud ied , the dens i t y of the s i n 
t e r e d c o m p a c t s , and the weight l o s s e n c o u n t e r e d in the c o m p a c t s upon ex 
t e n d e d h e a t t r e a t m e n t . The effect of c o m p o s i t i o n on the weight l o s s of 
e x p o s e d s u r f a c e a r e a is shown in F i g u r e 15. S a m p l e s con ta in ing m o r e 
than 60 m / o La203 had low weight l o s s e s , and t h e i r l o s s r a t e s w e r e e s s e n 
t i a l l y c o n s t a n t . M i c r o s t r u c t u r e e x a m i n a t i o n , a s shown in F i g u r e 16, 
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Figure 9. Microstructures of Urania-Lanthana Specimens Sintered in a Combustion Furnace at 1675°C for 4 Hours 
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Figure 10. The Effect of Time on Microsuucture of 20 Mole % UOj 80 Mole % LaOj g Specimens Subjected to Combustion Gases at 1675 C 
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Figure 11. The Effect of Time on Microstructure of 30 Mole % UO2 70 Mole % LaOj 5 Specimens Subjected to Combustion Gases at 1675"C 
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Figure 12. The Effect of Time on Microstructure of 40 Mole % UOg 60 Mole % LaOj 5 Specimens Subjected to Combustion Gases at 1675 C 
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Etchant: Boiling Concentrated H3PO4 

Figure 13. The Effect of T ime on Microstructure of 60 Mole % UO2 40 Mole % L a O i g Specimens Subjected 

lOOX Micro 31058 

to Combustion Gases at 1675°C 
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Figure 14. The Effect of Time on Microstructure of 80 Mole % UO2 20 Mole % LaOj j Specimens Subjected to Combustion Gases at 1675°C 
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Table VI 

DATA FOR URANIA-LANTHANA SPECIMENS SUBJECTED TO COMBUSTION GASES AT 1675°C 

Specimen 
No, 

20U80La 

30U70La 

40U60La 

50U50La 

60U40La 

SOUZOLa 

Exposure 
T i m e , hr 

0 
25 

136 
310 

0 
25 

136 
310 

0 
25 

136 
310 

0 
25 

136 
310 

0 
25 

136 
310 

0 
25 

136 
310 

P e r Cent 
Theo re t i ca l 

Densi ty 

84,7 
92,3 
94,1 
94,9 

90,5 
94,9 
96,3 
96,0 

88,6 
92,6 
93.8 
92,6 

91,6 
92,3 
90,3 
88.8 

91,4 
89,7 
78,5 
81,8 

94,2 
92,5 
74,4 
70,5 

P e r Cent 
Open 

P o r o s i t y 

12.5 
0,1 
0,1 
0,1 

0,6 
0,1 
0,1 
0,2 

0,9 
0.1 
0.9 
2.3 

0.0 
0.8 
2.4 
4,8 

0.0 
1,8 

13,2 
10,7 

0,1 
1,8 

18,7 
24,0 

Weight L o s s / E x p o s e d 
Sur face A r e a 

(mg/cm^) 

-
+0,3» 

1,3 
7,9 

-
1,5 
4,8 

11,8 

-
3,4 

14,4 
36,6 

-
10,9 
29,4 
72,2 

-
38,3 

158.0 
150.0 

_ 
49.5 

373.0 
395.0 

*Weight Gain Noted 

O 25-hr EXPOSURE 
X 136-hr EXPOSURE 
D 310-hr EXPOSURE 

Figure 15. 

Effect of Composition on Weight Loss for Urania-Lanthana 

Solid Solutions Subjected to Combustion Gases at 1675"C 

100 
Loo, = 



Mole % UO2 
Mole % LaOi.5 

20 

80 
30 
70 

250X Micro 31061 250X Micro 31062 250X Micro 31063 Micro 31060 
lOOX Micro 31064 lOOX 

Etchants: Boiling H3P0. - HjO 

Figure 16. Surface Porosities for Urania-Lanthana Specimens Subjected to Combustion Gases at 1675°C for 3,0 Hours 



i nd ica ted that g r a in growth and dens i f i ca t ion had o c c u r r e d and t h a t the 
s p e c i m e n s u r f a c e s w e r e r e l a t i v e l y i n e r t to a t t a c k by the f u r n a c e g a s e s . 
S p e c i m e n s within th i s r a n g e had o x y g e n - t o - m e t a l a t o m r a t i o s be low the 
s t o i c h i o m e t r i c MO2.00 and w e r e the m o s t s t ab l e wi th r e g a r d to v o l a t i l i t y 
b e h a v i o r . 

H i g h - u r a n i a s p e c i m e n s , conta in ing f rom 20 to 50 m / o La203, had 
m u c h h ighe r weight l o s s e s , and t he i r exposed s u r f a c e s a p p e a r e d to be 
a t t a c k e d by fu rnace g a s e s . M i c r o s t r u c t u r e e x a m i n a t i o n i n d i c a t e d tha t the 
e x c e s s i v e weight l o s s e s w e r e a c c o m p a n i e d by i n c r e a s e s in open p o r o s i t y 
n e a r the exposed s u r f a c e s (see F i g u r e 16). T h e s e s p e c i m e n s had h i g h -
p o r o s i t y p e n e t r a t i o n s as c o m p a r e d with the h i g h - l a n t h a n a c o m p o s i t i o n s . 
A t t ack on h i g h - u r a n i a s p e c i m e n s a p p e a r e d to o c c u r by u r a n i a v a p o r i z a 
t ion a long g r a i n b o u n d a r i e s . A d e c r e a s e in vo la t i l i t y r a t e was no ted a f te r 
long e x p o s u r e and m a y have been c a u s e d by vapo r s a t u r a t i o n wi th in the 
p o r o s i t y c h a n n e l s . The o x y g e n - t o - m e t a l a t o m r a t i o of t h e s e c o m p o s i t i o n s 
was g r e a t e r than 2.10. S p e c i m e n s with c o m p o s i t i o n s in the r a n g e f r o m 55 to 
60 m / o La203 had o x y g e n - t o - m e t a l r a t i o s b e t w e e n 2.07 and 2 . 0 1 . T h e s e 
c o m p a c t s had i n t e r m e d i a t e su r f ace a t t ack (see F i g u r e 16). 

The low vola t i l i ty of c o m p o s i t i o n s conta in ing m o r e t h a n 60 m / o La203 
cannot be exp la ined adequa te ly by the di lut ion effects of l a n t h a n u m for u r a 
n ium subs t i tu t ion . Th i s would r e s u l t in a l i n e a r r e l a t i o n b e t w e e n u r a n i a 
l o s s and l an thana compos i t i on . The s t o i c h i o m e t r y d i f f e r e n c e s b e t w e e n 
vo la t i l e and nonvola t i le compos i t i ons in changing f r o m an o x y g e n - d e f i c i e n t 
to an o x y g e n - e x c e s s s t r u c t u r e a p p e a r s to be a s igni f icant f a c to r in the 
vo la t i l i ty b e h a v i o r of t h e s e sol id so lu t i ons . 

SUMMARY 

F l u o r i t e - t y p e sol id so lubi l i ty ex i s t ed over a c o n s i d e r a b l e p o r t i o n 
of the s y s t e m u r a n i a - l a n t h a n a . E x p e r i m e n t a l e n v i r o n m e n t s a f fec ted the 
so lub i l i ty l i m i t s and l a t t i c e p a r a m e t e r s of the c o m p o s i t i o n s . C u b i c , 
f l u o r i t e - t y p e , so lubi l i ty ex tended f rom 30 to 80 m / o La203 for c o m b u s t i o n -
a t m o s p h e r e s i n t e r i n g ; f rom 0 to 75 m / o La203 for h y d r o g e n - a t m o s p h e r e 
s i n t e r i n g ; and f rom 0 to 75 m / o La203 for v a c u u m hea t t r e a t m e n t . The 
v a r i a t i o n in l a t t i c e p a r a m e t e r for s a m p l e s that w e r e in i t i a l ly of i den t i ca l 
ca t ion conten t s u g g e s t s that s t o i c h i o m e t r y d i f f e rences have o c c u r r e d for 
s p e c i m e n s sub jec ted to v a r i o u s e n v i r o n m e n t s 

Dev ia t ions f rom s t o i c h i o m e t r i c (U,La)02.oowere no ted for c o m p o s i 
t ions sub jec t ed to di f ferent hea t t r e a t m e n t s . The oxygen con t en t of c o m -
p o s i t i o n s conta in ing l e s s than 45 m / o La203 w e r e c l o s e to s t o i c h i o m e t r y . 

Dens i f i ca t ion and g r a i n growth o c c u r r e d m u r a n i a - l a n t h a n a s a m p l e s 
exposed for ex tended p e r i o d s of t i m e to c o m b u s t i o n g a s e s a t 1675°C. T h i s 
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change was more pronounced in compositions containing below 60 m / o LajOj. 
Urania vaporization was noted at these extended heating t imes, but the ex
tent of vaporization was less at the higher lanthana contents. 
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